Reversible protein S-glutathiolation has emerged as an important mechanism of post-translational modification. Under basal conditions several proteins remain adducted to glutathione, and physiological glutathiolation of proteins has been shown to regulate protein function. Enzymes that promote glutathiolation (e.g., glutathione-S-transferase-P) or those that remove glutathione from proteins (e.g., glutaredoxin) have been identified. Modification by glutathione has been shown to affect protein catalysis, ligand binding, oligomerization and protein-protein interactions. Conditions associated with oxidative or nitrosative stress, such as ischemia-reperfusion, hypertension and tachycardia increase protein glutathiolation via changes in the glutathione redox status (GSH/GSSG) or through the formation of sulfenic acid (SOH) or nitrosated (SNO) cysteine intermediates. These "activated" thiols promote reversible S-glutathiolation of key proteins involved in cell signaling, energy production, ion transport, and cell death. Hence, Sglutathiolation is ideally suited for integrating and mounting fine-tuned responses to changes in the redox state. S-glutathiolation also provides a temporary glutathione "cap" to protect protein thiols from irreversible oxidation and it could be an important mechanism of protein "encryption" to maintain proteins in a functionally silent state until they are needed during conditions of stress. Current evidence suggests that the glutathiolation-deglutathiolation cycle integrates and interacts with other post-translational mechanisms to regulate signal transduction, metabolism, inflammation, and apoptosis.
Introduction
Glutathione (GSH) is the most abundant and versatile low molecular weight thiol in the cell. The cysteine residue of the peptide participates in several types of reactions including displacement, nucleophilic addition, and thiol-disulfide exchange. Because of its ability to participate in these reactions, GSH is viewed as the first line of defense against oxidants and is considered the ultimate radical sink [1, 2] . Several properties of GSH enable it to function as an efficient antioxidant. The high water solubility of GSH favors aqueous phase reactions and unlike cystine, oxidized glutathione (GSSG) remains in solution even at relatively high concentrations. The γ-glutamyl linkage of GSH is resistant to attack by intracellular peptidases, allowing the peptide to accumulate in cells at high concentrations (1-10 mM) . GSH provides reducing equivalents to glutathione peroxidases for peroxide reduction and it reduces dehydroascorbate to ascorbic acid [3] . It functions as a coenzyme in the metabolism of methylglyoxal by glyoxalase [4] . Frequently, it participates in thiol transfer reactions catalyzed by thiol transferases and it can also form conjugates with endogenous and xenobiotic electrophiles. This reaction is catalyzed by enzymes of the glutathione-Stransferase (GST) family [5] . Conjugation with GSH decreases the overall chemical reactivity of electrophiles and increases their water solubility so that they could be actively transported across the cell membrane as glutathione conjugates [6] and extruded safely in the urine as mercapturic acid derivatives [7] .
Glutathione is synthesized by a sequence of reactions that are catalyzed by glutamate cysteine ligase and glutathione synthetase [8] . It is also transported between different organs. When oxidized to GSSG, it is either extruded from the cell without metabolism (as GSSG) [9] or reduced back to GSH via glutathione reductase using reducing equivalents (NADPH) derived from the pentose shunt. The processes that extrude and reduce GSSG maintain the cytosolic GSH:GSSG ratio between 1000:1 and 100:1 [10] . This reducing environment ensures that most of the protein disulfides in the cytosol are in the reduced state. However, the redox state in the cell is not uniform. In contrast to the cytoplasm, the GSH:GSSG ratio in the endoplasmic reticulum (ER) lumen is maintained between 1:1 to 5:1 [11, 12] . This is believed to facilitate the induction of disulfide bonds in secretory proteins. Similarly, mitochondria can maintain a GSH:GSSG ratio different from that in the cytosol and therefore thiol-disulfide reactions can occur in the mitochondria that are independent of the cytosolic redox state [13] .
Protein-mixed disulfides
That glutathione can form stable adducts with protein sulfhydryls was first proposed in the early 1920s by Sir Frederick Gowland Hopkins [14] , who is credited with the discovery of glutathione in 1921 [15] . He suggested then that glutathione has "actual functions in the chemical dynamics of the cell" [15] . Proteins bound to glutathione, previously called protein-glutathione mixed-disulfides and now variably referred to as either glutathiolated or glutathionylated proteins, have been detected in several cells and tissues under multiple physiological and pathological conditions [16] [17] [18] . Under basal conditions 4-27% of the total red cell glutathione is bound to proteins [19] . In most other cells, a significant portion of cytosolic proteins remain bound to glutathione under non-stressed conditions [20] [21] [22] , and approximately 50% of glutathione in the ER is protein-bound [23] . In addition, the levels of glutathiolated proteins in mitochondria vary as a function of respiratory state [13] . The levels of protein glutathiolation vary also between tissues. In the liver, for example, mixed disulfides account for 30% of the total glutathione pool [24] , whereas in cultured myocytes 17-37% of the glutathione is bound to proteins [25] . It is likely that proteins with reactive, solvent-accessible cysteines dominate the pool of proteins that are glutathiolated under basal conditions. Hence, a relative few members of the proteome having reactive cysteine residues may provide a "sink" for large amounts of glutathione.
The glutathiolation/deglutathiolation cycle
The addition and removal of glutathione to proteins is regulated in a manner quite different from that of other post-translational modifications. For example, phosphorylation regulates protein function via tightly regulated, target-specific protein kinases and phosphatases that add phosphate groups to proteins or remove them from their serine, threonine, or tyrosine residues. This results in the transduction and propagation of signals that promote specific responses initiated by extracellular and intracellular stimuli. Inorganic phosphate does not bind spontaneously to proteins. In contrast, the addition of glutathione to protein can proceed without enzymatic catalysis and therefore proteins could be glutathiolated more diffusely. Nevertheless, thiolation reactions are not indiscriminate. Specificity for Sglutathiolation is imparted by thiol reactivity (i.e., cysteinyl pK R ), sulfhydryl accessibility, and the reactivity of instigating intermediate species (see below). In addition, basic peptide environments conferred by lysines, arginines, or histidines vicinal to cysteine residues favor the addition of glutathione to proteins.
In principle, any solvent-exposed protein sulfhydryl in the thiolate anion (S − ) form could initiate glutathiolation via nucleophilic attack of GSH resulting in the formation of a glutathiolated protein. This may be a primary mechanism that regulates basal or physiological levels of glutathione adducted to proteins. However, in most studies, glutathiolation has been found to occur in conditions of oxidative or nitrosative stress. The most straightforward mechanism by which glutathione could add to proteins is through the generation of GSSG and direct thiol-disulfide exchange. However, the intracellular concentration of GSSG in most cells is low and tightly regulated [26, 27] : GSSG resulting from the oxidation of GSH is reduced back to GSH by glutathione reductase [28] ; and unreduced GSSG is actively extruded from the cell [29] . Glutathiolation by thiol-disulfide exchange may, however, be favored by transient and local increases in the intracellular GSSG concentration. For instance, the GSH/GSSG ratio in the ER is between 1 and 5 [11, 12] , suggesting that protein glutathiolation in this organelle could be mediated by direct thiol-disulfide exchange. Mitochondria seem to lack mechanisms for the active extrusion of GSSG or glutathione conjugates across the membrane [30, 31] , although they do maintain stringent control over thiol status [32] . For example, several mitochondrial proteins, e.g., glutathione reductase, glutaredoxins 2 and 5, participate in maintaining glutathionyl and protein-cysteinyl thiols in a reduced state [32] . Nevertheless, the mechanisms of protein glutathiolation in specific subcellular domains may be different, and it remains to be firmly established whether GSSG has organelle-specific roles in inducing protein glutathiolation.
In most cases, it appears that a thiol-activation step precedes the addition of glutathione to proteins. Both glutathione and protein thiols can be activated by oxidants to form intermediates that can induce protein glutathiolation. Oxygen and nitrogen-derived species such as hydrogen peroxide (H 2 O 2 ) and peroxynitrite (ONOO − /ONOOH) formed under pathological conditions can react with protein thiols via a two-electron oxidation to form sulfenic acids (PSOH) (Fig. 1 ). The sulfenylated cysteine can then react with GSH to form protein-mixed disulfides. A symmetrical set of reactions could also occur in which the thiolate of GSH is activated either by radical abstraction or sulfenic acid formation. Indeed, several proteins, such as hemoglobin [33] , peroxiredoxins [34] , the 20S proteasome [35, 36] , branched-chain aminotransferase [37] , β-actin [38] , inhibitor of nuclear factor κB kinase subunit β (IKK-β) [39] and aldose reductase (AR) [40] , have been shown to be glutathiolated via a sulfenic acid intermediate. Thus, proteins can be glutathiolated as a result of activation of protein cysteine residues by sulfenylation.
Protein glutathiolation reactions are also stimulated by nitric oxide (NO). In particular, Snitros(yl)ation of cysteines appears to be a key step in NO-mediated glutathiolation. For instance, actin [38, 41, 42] , AR [43] , adenine nucleotide translocator (ANT) [38] , ATP synthase [38, 42] , sarco/endoplasmic reticulum Ca 2+ ATPase (SERCA) [44, 45] , p21ras [46] , glyceraldehyde-3-phosphate dehydrogenase (GAPDH) [47] , branched chain amino acid aminotransferase (BCAT) [48] , and ryanodine receptor 2 (RyR2) [49] can be glutathiolated in an NO-dependent manner, and many of these proteins undergo Snitrosation as the intermediate step leading to glutathiolation. The involvement of NO in glutathiolation of SERCA [44] , AR [40] , ANT [38] and ATP synthase [42] has been shown to occur in vivo as well. Although the specific mechanisms by which NO induces protein glutathiolation are not entirely clear, one possibility is that S-nitrosoglutathione (GSNO) rather than NO itself mediates protein glutathiolation. Alternatively, because cellular nitrosocysteines are nearly all associated with proteins rather than glutathione and peptidyl thiols [50] , it is likely that the formation of PSNO could also promote protein glutathiolation ( Fig. 1) . Additionally, NO-mediated protein glutathiolation could involve the formation of an N-hydroxysulfenamide-like intermediate generated from the protein nucleophilic attack on the nitrogen rather than the sulfur of GSNO. This type of reaction has been shown to occur in vitro for aldose reductase [51] ; however, the general applicability of this mechanism remains to be assessed. GSNO can also glutathiolate proteins by forming more reactive intermediates such as glutathionesulfenic acid (GSOH) that yields GSH thiosulfinate [GS(O)SG] upon dimerization [52] . The GS(O)SG formed is an active glutathiolating agent in GSNO solutions, and, with some proteins, it is a more potent glutathiolating agent than GSNO. Thus, protein glutathiolation can be induced through the formation of potent sulfenic acid, nitrosated, hydroxysulfenamide, and thiosulfinate intermediates.
The formation of glutathiolated proteins can also be enhanced by enzyme catalysis. Several studies now suggest that the transfer of glutathione to low pK cysteines is catalyzed by enzymes such as glutaredoxin (GRX) and glutathione-S-transferase pi (GSTP) [53] . Both GRX1 and GRX2 have been shown to promote GS − transfer to proteins [54] and it has been shown that GSH-loaded GSTP glutathiolates sulfenylated peroxiredoxin (Prx) after hydroperoxide detoxification [55] . Similar redox switching by GSTP was shown for AR both with the purified enzyme and during myocardial ischemia-reperfusion [56] . During ischemia AR becomes activated by sulfenylation of C298 [57] , but upon reperfusion, the sulfenylated residue becomes glutathiolated-a reaction that is accelerated by GSTP. These studies indicate that, at least for some proteins, glutathiolation reactions are catalyzed enzymatically ( Fig. 2 ). However, it remains unclear whether enzymatic glutathiolation could be generalized to other proteins and whether enzymes other than GRX and GSTP participate in such reactions.
Although the addition of glutathione to most proteins does not require enzyme catalysis, protein de-glutathiolation appears to be more extensively regulated. Several enzymes including GRX, sulfiredoxin (SRX) and protein-disulfide isomerase (PDI) catalyze the deglutathiolation of proteins [58, 59] (Fig. 2 ). Glutaredoxin is more efficient at reducing protein-mixed sulfides than PDI [60] , and it has been shown to reactivate thiolated proteins [61] and suppress protein thiolation in general [62] , suggesting that it most commonly regulates the "off" state of glutathiolation-based cell signaling. In addition, other proteins with reactive cysteines could catalyze de-glutathiolation via trans-thiolation reactions. For example, the FXYD protein reverses inhibition of the Na + -K + pump by de-glutathiolating the β-subunit of the pump, and, in the process, becomes glutathiolated itself [63] . Such trans-thiolation reactions are likely to be a common and important mode of regulation of the glutathiolation/deglutathiolation cycle of other proteins as well.
Specificity of protein glutathiolation
Protein sulfhydryls display wide heterogeneity in their susceptibility for oxidation or glutathiolation. Most thiols (SH) do not react at physiologically significant rates with hydroperoxides or other reactive species [64] . Yet proteins, such as Prx and thioredoxin, contain a cysteine that is in the thiolate form that readily reacts with H 2 O 2 to form sulfenic acid [65, 66] ; the sulfenylated residue then could facilitate glutathiolation reactions [55] . In addition, divalent metal ions function as allosteric effectors to control cysteinyl modifications. An example of this type of regulation is PKC that binds Zn 2+ in a way that renders sulfhydryls in the regulatory site susceptible to oxidation [67] . In metalloproteins, the bound Zn 2+ commonly functions as a Lewis acid that reduces the pK a of Cys [68] , leading to enhanced susceptibility for reaction with reactive species. Hence, the propensity of a particular cysteine to be in the thiolate anion form or cysteinyl interactions with metals could enhance the specificity of glutathiolation reactions for some proteins.
The fact that S-glutathiolation reactions are favored by basic amino acids in the vicinity of the protein cysteine residue and, conversely, that acidic amino acids prevent S-thiolation [69, 70] has led to a search for a consensus motif that favors protein glutathiolation reactions. However, such a motif could be influenced by the tertiary or quaternary structures of proteins, making it difficult to identify a simple consensus sequence. It is likely that, in many proteins, the specificity of glutathiolation is conveyed through motifs exclusive to "intermediate" modifications. For example, cysteinyl modifications that are intermediate in the glutathiolation cycles of many proteins, e.g., S-nitrosation, are suggested to have motifs that determine specificity. The most salient example of this is the putative "SNO motif" [71] , comprised of flanking acidic (Asp, Glu) and basic (Arg, His, Lys) residues that coordinate thiolate anion formation and NO transfer [72, 73] . Therefore such motifs could indirectly regulate the specificity of "downstream" glutathiolation reactions.
Protein modifications that favor glutathiolation could also be stabilized to promote Sthiolation reactions and prevent further thiol oxidation. For instance, the sulfenic acid form of protein tyrosine phosphatase 1B (PTP1B) is rapidly converted to a sulfenyl-amide (Cys-S-N-R), which prevents further oxidation to sulfinic and sulfonic acids and promotes glutathiolation and thiol recovery [74] . Sulfenic acids could also be stabilized noncovalently by interactions with surrounding amino acids. Glutathione reductase and NADH peroxidase form stabilized sulfenic acids [66] that could favor thiolation reactions. AR forms an apparently stable protein-sulfenic acid at Cys298 during ischemia, and, upon reperfusion, this sulfenylated site is glutathiolated enzymatically by GSTP [56] . Hence, stabilized sulfenic acids could impart specificity to protein glutathiolation. Specificity of glutathiolation could also be enhanced by enzymatic catalysis, in which binding to the active site of GSTP or GRX determines which proteins are glutathiolated. These enzymes may also induce glutathiolation of cysteine residues that are normally unreactive. For example, the sterically hindered cysteine residue at the active site of peroxiredoxin VI is inaccessible to free glutathione, but GS − transfer to this site is catalyzed by GSTP [75] . Nevertheless, further investigations are required to identify mechanisms that promote selective glutathiolation of proteins and to identify structural features of glutathiolating enzymes that determine substrate specificity.
Physiological response regulation by protein glutathiolation
Emerging evidence suggests that several physiological processes depend upon protein glutathiolation under conditions not associated with generalized oxidative stress. For example, arterial relaxation in response to acetylcholine increases NO-mediated glutathiolation of several proteins including actin, indicating that proteins are glutathiolated as a course of normal organ function [38] . This further suggests that glutathiolation of proteins under non-stressed conditions may be of functional relevance. For instance, glutathiolation of actin decreases spontaneous and tropomyosin-assisted polymerization of G-actin [76] ; therefore changes in actin glutathiolation could mediate changes in cell shape and contractility. Glutathiolation appears also to be an important regulator of the calcium homeostasis. Stimulation of calcium uptake by NO occurs via peroxynitrite-mediated glutathiolation of SERCA [44] . In addition, it has been reported that stimulation with angiotensin (Ang) II causes inhibition of the sarcolemmal Na + -K + pump [77] . This inhibition was found to be associated with protein kinase C (PKC)-dependent activation of NADPH oxidase and concomitant glutathiolation of the β1-subunit of the pump, which was reversed by GRX-1. A similar glutathiolation-linked inhibition of the β1-subunit of the Na + -K + -pump was observed upon stimulation of adenylyl cyclase by forskolin, which involved also the activation of PKC and NADPH oxidase [78] . Collectively, these findings suggest that physiological changes in NO and ROS production could alter protein glutathiolation events and that glutathiolation may be an important intermediary step in redox-sensitive signaling events.
Stress-induced changes in glutathiolation
Although the glutathiolation status of some proteins is regulated under physiological conditions, changes in protein glutathiolation often occur in disease conditions associated with increased oxidative stress (see Table 1 ). Modification of proteins involved in intermediary metabolism, contraction and ion transport can regulate cardiovascular response to injury. For example, during tachycardia stimulation of NADPH oxidase results in an increase in the glutathiolation of RyR2, which might be an important mechanism for increasing the rate of calcium release during conditions of heightened cardiac activity [79] . In the heart, oxidative stress imposed by ischemia-reperfusion (I-R) leads to a 15-fold increase in glutathiolated proteins, resulting in the modification of GAPDH [80] , AR [57] and actin [76] as well as components of complex I [81] . Changes in the activity of these proteins due to glutathiolation may be important in regulating cardiac metabolism and contractility during I-R. Moreover, changes in protein glutathiolation could significantly affect other myocardial responses to stress. For example, the hearts of GRX-null mice demonstrate attenuated hypertrophy in response to Ang II [82] .
Protein glutathiolation reactions may be important also in regulating atherogenesis, which is associated with extensive oxidative stress and vascular inflammation. Although little is known about the role of protein glutathiolation in atherosclerosis, it has been reported that high density lipoprotein (HDL)-associated paraoxonase 1 (PON1) can undergo Sglutathiolation under oxidative stress and that this modification causes reversible inactivation of the enzyme [83] . Because PON1 is involved in the removal of oxidized lipids [84] , its inactivation by glutathiolation could exacerbate the atherogenic effects of oxidative stress. In this regard it has been shown that oxidized low density lipoprotein (oxLDL) promotes protein S-glutathiolation in macrophages [85] and that insulin resistance induced by oxLDL is mediated by S-glutathiolation of p21ras [86] . In addition, recent work showing that serum levels of S-glutathiolated proteins are increased in smokers [87] and patients with arteriosclerosis obliterans [88] suggest that measurement of glutathiolated proteins in the plasma may be of diagnostic value in assessing systemic oxidative stress.
Protein glutathiolation may be also an important component of the mechanisms regulating hypertension. It has been recently demonstrated that endothelial nitric oxide synthase (eNOS) is S-glutathiolated in the vessels of spontaneously hypertensive rats [89] . Glutathiolation of eNOS was found to reversibly decrease NOS activity and increase superoxide production, and these changes are associated with impaired endothelial vasodilation. Because eNOS plays a central role in regulating several cardiovascular functions, it was suggested that S-glutathiolation of eNOS could cause profound changes in cellular and vascular function and could mediate redox signaling under oxidative stress [89] . S-glutathiolation has also been observed in HL60 cells in response to treatment with PABA/ NO, which is a direct nitrogen monoxide (NO) donor [90] . The glutathione metabolite of PABA/NO was found to inactivate SERCA. This led to an increase in intracellular calcium release resulting in the auto-regulation of eNOS through S-glutathiolation. Based on these findings it was suggested that glutathiolation of eNOS serves as a physiological regulator that acutely controls NO production, whereas SERCA, by regulating [Ca 2+ ] i could provide a tonic or steady-state regulation of NO levels. Although this evidence provides robust support to the concept that dysregulation of protein glutathiolation reactions may be an important mechanism underlying cardiovascular disease, additional work is required to understand how coordinate changes in glutathiolation of multiple proteins regulate (patho)physiological processes.
Regulation of protein function
Given that under basal conditions a substantial amount of GSH is bound to proteins and that oxidative stress increases protein glutathiolation, it appears that a primary function of glutathiolation is to prevent irreversible oxidation of cysteine side chains or their aberrant modification by reactive nitrogen species and other electrophilic molecules such as products of lipid peroxidation. A temporary glutathione "cap" could be effective in protecting proteins under stress. A similar protective mechanism has been proposed for protein Snitros(yl)ation [91] . However, for this type of protection to work the cap must be removed when favorable conditions return. As discussed above, the glutathiolation-deglutathiolation cycle is tightly regulated by enzymatic catalysis as well as tonic changes in the redox state of the cell (Fig. 2) . Nevertheless, addition of glutathione to a protein is not an innocuous event. It could radically alter the structure of the protein, leading to changes in its function or activity, or its binding to ligands or other proteins. Whereas the binding of glutathione at the active site of proteins such as AR inhibits their catalytic activity [51] , modification of regulatory sites by glutathiolation activates proteins such as SERCA [92] and p21ras [93] . In some cases, protein modification by glutathione does not affect the activity of the protein although it prevents stimulation by activating ligands; e.g., glutathiolation does not affect the basal deactylase activity of sirtuin 1 (SIRT1), but it inhibits the stimulation of SIRT1 by resveratrol [94] . In vascular smooth muscle cells, glutathiolation of myosin heavy chain (MHC) IIB promotes its interaction with Axl [95] . The interaction with MHC-IIB increases Axl phosphorylation; an event that might be important for direct cell migration during vascular injury.
Glutathiolation could also alter the quaternary structure of proteins. By modifying surface cysteines, addition of glutathione could prevent protein oligomerization, or, by promoting inter-protein thiol disulfide exchange, stimulate the formation of cystine-linked protein oligomers. Such effects of glutathiolation have been widely reported in the literature. For instance, it has been shown that glutathiolation of superoxide dismutase 1 (SOD1) at the dimer interface destabilizes the protein leading to its dissociation into monomers [96] . This may affect the initiation of SOD1 aggregation in amyotrophic lateral sclerosis (ALS). Similarly, glutathiolation of the catalytic cysteine of 1-cys-D-peroxiredoxin causes the dissociation of the non-covalent homodimer, whereas inter-protein thiol-disulfide exchange promoted by glutathiolation causes oligomerization of thiamet oligopeptidase [97] . Thus, post-translational modification by glutathione could variably affect protein structure leading to profound changes in function, activity and binding.
In addition to preventing oxidative modification of proteins, constitutive glutathiolation could contribute to protein encryption. A particularly intriguing example of this phenomenon has been reported for tissue factor (TF) [98] , which was found to be constitutively glutathiolated and thereby maintained in a state of low functionality. However, upon vascular injury protein-disulfide isomerase (PDI) released from adherent platelets and the disrupted vessel wall was found to activate TF by catalyzing the isomerization of mixed disulfide to an intramolecular disulfide [98] . Thus, protein glutathiolation could be a mechanism for maintaining proteins in a functionally silent (encrypted) state until they are needed during conditions of stress or injury.
A similar mechanism has been reported for other proteins as well. For instance, the 20S proteasome purified from stationary phase cells is natively S-glutathiolated; however, deglutathiolation by glutaredoxin or thioredoxins increases its chymotrypsin-like and postacidic cleavage activities [35] . Similarly, in non-infected cells, interferon regulatory factor 3 (IRF3) is natively glutathiolated; however, upon viral infection the protein undergoes deglutathiolation, which is catalyzed by GRX [99] . This change in the glutathiolation status of IRF3 was found to be necessary for its efficient interaction with CREB binding protein (CBP) and for the transcriptional activation of interferon genes.
Activation by deglutathiolation has also been reported for tumor necrosis factor (TNF) receptor associated factor 6 (TRAF6), which is an intermediate signaling molecule in signal transduction by members of the interleukin-6 (IL-6)/toll-like receptor (TLR) family. In HEK293 and HeLa cells, TRAF6 is glutathiolated under basal conditions; however, upon IL-1 stimulation it undergoes GRX-catalyzed de-glutathiolation, which was found to be essential for its auto-polyubiquitination and subsequent activation [100] . Likewise, in endothelial cells, caspase-3 is extensively glutathiolated under basal conditions. Glutathiolated caspase-3 is inactive and resistant to TNF-α-induced cleavage. Stimulation with TNF-α, however, leads to the activation of GRX, which in turn causes deglutathiolation and activation of caspase-3 [101] . Thus, glutathiolation may be a pervasive, redox-sensitive mechanism of protein encryption that keeps select proteins functionally silent until they are needed to trigger coagulation, inflammation or cell death.
S-glutathiolation of proteins involved in intermediary metabolism
Many structural and catalytic protein components of the metabolic machinery undergo reversible S-glutathiolation, suggesting that protein glutathiolation regulates metabolic activity under physiological conditions. Several metabolic scenarios could be envisioned under which glutathiolation could regulate metabolism to enhance adaptation and survival under conditions of oxidative stress. For instance, inhibition of AR by glutathiolation [51] could increase the flux of glucose through glycolysis and the pentose phosphate pathway leading to an increase in energy production and NADPH synthesis, or partial inhibition of glycolysis by glutathiolation of GAPDH during ischemia [80] could stimulate the shunt or alter the stability of endothelin-1 (ET-1) mRNA [102] . Alternatively, increased protein glutathiolation could protect metabolic enzymes such as GAPDH and AR from irreversible oxidation temporarily only to activate them when favorable conditions return.
The protective role of glutathiolation against protein oxidation may be particularly significant in the mitochondrion. Mitochondria do not synthesize GSH, which they import from the cytosol [103] . Moreover, no GSSG transporting protein has been identified in the mitochondrial membrane. Thus, unlike the host cell, mitochondria cannot extrude GSSG. As a result, GSSG that is generated in the mitochondrion stays within the organelle until it is reduced back to GSH by mitochondrial glutathione reductase. This conservation of GSSG within the mitochondrial matrix favors uncatalyzed [13] or GRX-2 catalyzed protein Sglutathiolation [104] . It is therefore not surprising that many mitochondrial proteins such as the subunits of complex I [81] and complex IV [105] , aconitase [106] , pyruvate dehydrogenase [107] , isocitrate dehydrogenase [108] , ANT [38, 109] , and ATP synthase [13, 38] undergo glutathiolation upon experimentally induced oxidative or nitrosative stress. Notably, glutathiolation of mitochondrial proteins such as complex I has also been observed in the post-ischemic heart [81] , suggesting that proteins in mitochondria undergo glutathiolation in vivo. In contrast to complex I, however, glutathiolation of complex II is decreased in the post-ischemic heart and this has been associated with elevated superoxide levels [110] . A regulatory role of protein glutathiolation in mitochondria is consistent with recent observations that inhibition of mitochondrial permeability transition (MPT) by carbon monoxide (CO) was accompanied by S-glutathiolation of ANT [111] . Because both HO-1derived CO [112] and iNOS-derived NO [113] prevent MPT in the heart, future investigations might provide unique insights into the mechanisms by which protein glutathiolation regulates metabolic activity and cell death pathways in the heart.
Interactions between protein glutathiolation and other signal transduction pathways
Glutathiolation of structural and metabolic proteins could significantly affect their function or, indirectly, the physiological processes they are involved in; but the most widespread impact of protein glutathiolation is likely to be due to the modification of proteins involved in cell signaling. By modifying specific components of the signaling network, glutathiolation could simultaneously affect multiple downstream events and gene regulation programs. Indeed key regulators of cell signaling such as IKK-α [114] and β [115] , transcription factors such as NF-κB [116] , activator protein-1 (AP-1) [69] , p53 [117] and kinases and phosphatases such as protein-tyrosine phosphatase 1B (PTP1B) [118] and phosphatase and tensin homolog (PTEN) [119] have been found to be susceptible to glutathiolation. Most of the work has been with isolated proteins. However, both in vitro and intracellular studies have been reported for the NF-κB pathway. In vitro, the p50 subunit of NF-κB is directly modified by GSSG at GSH/GSSH ratios between 1 and 0.1 [116] , whereas in embryonic fibroblasts, increasing glutathione by N-acetylcysteine during hypoxia results in the glutathiolation of p65 and enhanced hypoxic apoptosis due to NF-κB inactivation [120] . In addition, intracellular generation of H 2 O 2 by overexpression of NADPH oxidase 1 (Nox1) or exogenous addition of peroxide has been reported to induce S-glutathiolation of IKK-β via the formation of a sulfenic acid intermediate [39] . It was found that modification of IKK-β by H 2 O 2 was abolished by the overexpression of GRX-1, which allowed the activation of IKK-β by TNF-α even in the presence of the peroxide. Conversely, knockdown of GRX1 sensitized the cells to inhibition of IKK-β by H 2 O 2 , leading to enhanced repression of NF-κB transcriptional activity. These data suggest that glutathiolation might be a physiological mechanism that regulates the activation of the NF-κB pathway; although, as yet, there is no direct evidence for NF-κB regulation by glutathiolation in cardiovascular tissues.
Signaling pathways other than NF-κB that regulate cell survival have also been shown to be sensitive to S-glutathiolation. Significant levels of glutathiolated p53 have been detected in the brain of Alzheimer's patients [121] and in solid tumors [117] . In tumors, the level of glutathiolation was increased upon DNA damage or oxidant stress, suggesting that the shielding of the cysteine residues of p53 by glutathiolation could compromise apoptosis during tumorigenesis [117] . The involvement of glutathiolation in the regulation of apoptosis by Fas/FasL [122] is even more intriguing. It has been reported that stimulation with FasL induces glutathiolation of Fas; however, this is not mediated by an increase in ROS generation by NADPH oxidase. Instead, glutathiolation is induced after caspasemediated degradation of GRX-1. In support of this mechanism, it was shown that overexpression of GRX1 attenuated S-glutathiolation of Fas and partially protected against FasL-induced apoptosis [122] .
Summary and Perspective
Accumulating evidence supports the view that covalent attachment of glutathione is a unique and pervasive mechanism of protein post-translational modification. Although the proclivity of GSH to form protein adducts (mixed disulfides) has been appreciated since the discovery of glutathione itself, recent work has led to the identification of several specific glutathiolation reactions that regulate protein function during physiological signal transduction and during tissue stress, injury or disease. This work suggests that protein glutathiolation is an effective mechanism for preventing irreversible oxidation of protein thiols during conditions of oxidative stress and that transient glutathiolation is an intermediate step in the reduction and recovery of sulfenylated or nitrosated proteins.
A large number of proteins have been reported to be modified by glutathione. This modification could change the catalytic or structural properties of proteins, affect protein oligomerization, or alter ligand binding. In some cases, glutathiolation has been found to be a mechanism for maintaining proteins in an inactive state, causing them to remain dormant until activated by well-regulated deglutathiolation reactions. Specific proteins, such as GRX, PDI and SRX, have been shown to catalyze de-glutathiolation reactions; in some instances, the process of glutathiolation itself has been found to be catalyzed by GRX and GSTP. Taken together, this evidence could be used to build a compelling case to support the notion that protein glutathiolation is a bona-fide post translational mechanism for regulating protein function and cell signaling. Nevertheless, the relative non-specific reactivity of glutathione with multiple proteins is difficult to overlook. Hence, a major challenge for future investigations in this area is to reconcile indiscriminate protein-mixed disulfide formation with specific glutathiolation reactions. In addition, it will be important to develop a more coherent understanding of the coordinate regulation of multiple proteins by Sglutathiolation. The properties of this post-translational modification are ideally suited to mount a fine-tuned response to changes in the redox state, thereby exerting integrated control over several processes. Additional work is also required to identify modes of convergence with other post-translational mechanisms, i.e., to understand how glutathiolation affects other modifications such as S-nitrosation or phosphorylation. Because protein glutathiolation controls mechanisms that transect critical areas of redox regulation and signal transduction, future discoveries in this field are likely to be even more fascinating than the knowledge gathered so far.
Figure 1. Mechanisms of protein S-glutathiolation
Nitric oxide and reactive oxygen species activate protein or glutathionyl thiols resulting in Snitrosocysteine (GSNO or PSNO) or sulfenylated (GSOH or PSOH) intermediates. In addition, the cellular abundance of GSSG is regulated by oxidative stress. These "activated" intermediate species react readily to form protein-glutathione adducts. Protein glutathiolation can regulate cellular function by modulating the activity of key metabolic and signaling enzymes. The glutathione adduct also forms a molecular "cap" that may protect protein thiols from advanced protein oxidation.
Figure 2. Regulation of the S-glutathiolation cycle
Steps in the glutathiolation cycle include: 1) Thiol activation: nitric oxide synthases (NOS), cellular oxidases, or the electron transport chain (ETC) generate reactive nitrogen or oxygen species that promote the formation of nitrosated or sulfenylated proteins; 2) Glutathiolation: GSH can react non-enzymatically with the activated thiols, or the glutathiolation reaction can be accelerated in the presence of GSH-loaded GSTP; 3) Thiol recovery: GSH can reduce glutathiolated proteins non-enzymatically, or the reaction can be catalyzed via glutaredoxin (GRX), sulfiredoxin (SRX), protein disulfide isomerase (PDI), or other proteins with reactive cysteines such as FXYD protein. * From human RyR2 sequence: Residues correspond to equivalent cysteines identified to be glutathiolated in RyR1.
